Objective: MicroRNA (miRNA) expression is deregulated in many types of human cancers. We sought to investigate the expression patterns of miRNA in all major types of thyroid tumors, including tumors carrying distinct oncogenic mutations, and to explore the utility of miRNA profiling for the preoperative diagnosis of thyroid nodules.
M icroRNAs (miRNAs) represent a recently identified class
of endogenous noncoding RNAs that act as negative regulators of the protein-coding gene expression (1, 2) . miRNA dysregulation is common in cancer cells, and a rapidly growing number of studies provide evidence for miRNA involvement in carcinogenesis (3, 4) . miRNAs regulate the expression of wellknown oncogenes and tumor suppressor genes (3, 5) . Specific subsets of overexpressed or down-regulated miRNAs have been identified in various cancer types, suggesting that aberrations in miRNA expression may be important in tumor development and progression (6 -8) .
Many miRNAs are expressed in a tissue-specific manner and exhibit expression profiles that are different between normal and neoplastic tissues and between tumors with distinct biological properties (6, 9, 10) . Some data suggest that miRNA profiles allow reliable identification of the cell origin of tumors (11, 12) . However, it remains to be fully understood whether variable tumor types originating from the same cell type have different miRNA profiles and whether the profiles distinguish malignant tumors from benign hyperplastic/reactive processes.
In this regard, thyroid cancer represents an attractive model to study because it encompasses several histopathological tumor types originating from the same cell and tumors with distinct levels of differentiation. Most thyroid carcinomas originate from thyroid follicular cells and are subdivided into well-differentiated papillary carcinoma (PC) and follicular carcinoma (FC) (the latter further subclassified into conventional and oncocytic type) (13) . Both PCs and FCs may progress to poorly differentiated carcinoma (PDC) or may completely lose differentiation to give rise to anaplastic carcinoma (AC). Follicular adenomas (FAs) are benign thyroid tumors and can be of either conventional type or oncocytic type. Less than 5% of cells within the thyroid gland are C-cells that give rise to medullary carcinoma (MC). Although several recent studies have assessed the miRNA expression profiles in specific types of thyroid cancer (14 -17) , miRNA expression signatures of all major types of thyroid neoplasms have not been analyzed and compared in a single study to our knowledge.
Significant information has been accumulated on carcinogenic mutations in thyroid cancer (18) . Development of PCs, the most common thyroid malignant tumor, is known to involve the activation of the MAPK signaling pathway either as a result of BRAF or RAS point mutations or RET/PTC rearrangement. These mutually exclusive mutations are found in more than 70% of PCs and each of them is associated with the distinct phenotypical and biological properties of these tumors (19) . FCs are known to harbor either RAS mutations or PAX8/PPAR␥ rearrangements, which are identified in 50 -80% of conventionaltype FCs and with lower prevalence in oncocytic tumors (20) . It is not known, however, whether miRNA expression profiles are different among tumors carrying specific oncogenic mutations.
One of the main diagnostic problems in the thyroid field involves the preoperative assessment of thyroid nodules. Palpable nodules are common in the adult population, with an estimated prevalence in the United States in the range of 4 -7% or 10 -18 million affected individuals (21, 22) . Thyroid fine-needle aspiration (FNA) is an important method for preoperative evaluation of thyroid nodules, although in 10 -20% of samples, the precise diagnosis cannot be reached, and they are reported as indeterminate or atypical (21) . Most of these patients undergo surgery, although only 8 -17% of surgically removed nodules are found to be malignant (21) . Some improvement in the diagnostic accuracy can be achieved by additional testing of the FNA material for somatic mutations known to occur in thyroid tumors (23, 24) , although its sensitivity is limited because a significant proportion of PCs and FCs do not have any known mutations. Therefore, additional methods to improve the preoperative diagnosis are highly desirable and would result in a major impact on the clinical care.
In this study, we 1) determined and compared miRNA expression profiles of all major types of thyroid tumors, 2) explored the correlation between miRNA expression patterns and specific oncogenic mutations, and 3) determined the diagnostic utility of the detection of specific miRNAs in the preoperative assessment of thyroid nodules. 
Materials and Methods

Thyroid tissue samples
Thyroid FNA samples
Sixty-two thyroid FNA samples were collected as part of the prospective molecular study on thyroid FNA samples at the University of Cincinnati, which was approved by the University of Cincinnati Institutional Review Board. During the FNA procedure, half of the first or second pass of the aspirated material was directly collected into DNA/ RNA preservative solution (Roche Molecular Biochemicals, Manheim, Germany) and frozen at Ϫ80 C.
RNA isolation
Total RNA was extracted from surgical specimens using Trizol reagent (Invitrogen, Carlsbad, CA) as previously described (25) . RNA quality was assessed by 1% agarose gel electrophoresis in the presence of ethidium bromide. RNA samples that did not show intact 18S and 28S ribosomal bands were excluded from the study. Total nucleic acids were isolated from FNA samples using magnetic glass particles (Roche) according to the manufacturer's protocol.
miRNA expression analysis
Quantitation of mature miRNA expression levels in thyroid tumors and normal thyroid tissue was performed by RT-PCR using TaqMan MicroRNA Assays Human Panel (Applied Biosystems Inc., Foster City, CA), which was designed to detect 158 human miRNAs. One tumor sample (PTC30) was assayed twice to test the reproducibility of the detection. A good correlation (0.912) in miRNA expression levels was found between the two runs. Expression of individual miRNAs was analyzed using miRNA sequence-specific primers (Applied Biosystems). Briefly, 10 ng total RNA was reverse transcribed using High-Capacity cDNA Archive kit (Applied Biosystems) followed by amplification on the ABI 7500 Real-Time PCR System (Applied Biosystems). All RT-PCR were performed in triplicate. Two endogenous controls were used for the normalization of RNA input: let7-a miRNA (according to the manufacturer's protocol) and small nucleolar RNA RNU44 (Applied Biosystems). To evaluate the appropriateness of these endogenous controls for use in thyroid tissue, their expression levels were determined in 16 random thyroid tumor and normal samples. All samples demonstrated low variability in the expression levels of let7a and RNU44, validating their use as normalization controls. Two nonhuman miRNAs, ath-mir159a and cek-lin-4, were used as negative controls.
miRNA expression levels were calculated by relative quantitation using the ABI 7500 Real-Time PCR SDS 1.2 software (Applied Biosystems) and the fold expression changes were determined by 2 Ϫ⌬⌬CT method (26) . The data are presented as the fold change of miRNA expression in tumors relative to normal thyroid tissues after normalization to an endogenous control (let7-a or RNU44).
PPAR␥ rearrangements were detected from RNA by RT-PCR as previously reported (20, 25) .
Statistical analysis
Agglomerative hierarchical clustering between thyroid specimens was performed in R software. miRNA expression data underwent filtering by computation of the number of missingness for each miRNA. The purpose of the filtering was to remove miRNAs with no detectable expression across all thyroid specimens that may introduce noise to the clustering. A subset of 59 miRNAs remained after filtering and was used for hierarchical clustering.
For class comparisons to identify differentially expressed miRNAs, a t test was first performed for each miRNA for two class comparisons,the and Benjamini-Hochberg procedure (27) was applied to control the false discovery rate at 5% (i.e. among detected miRNAs, 5% of them are false positives on average). For class predictions in the TaqMan MicroRNA Human Panel data, a nearest-shrunken-centroid method by Prediction Analysis of Microarray (28) software was applied. The software integrates selection of predictive miRNAs while constructing the prediction model and performs 10-fold cross-validation. Linear discriminant analysis was used for the class prediction of the set of individual miRNAs without feature selection.
For individually studied miRNAs, one-way ANOVA was used to detect the statistical significance of mutation effects for each miRNA. Principal component analysis (PCA) was applied to provide an unsupervised visualization and investigation of the relationship between miRNA expression and mutation type. For each pair of mutation-specific groups, PCA was performed to project the samples to the first principal component, and a simple t test was applied to test for significance of separation between the two groups.
Results
Overall miRNA expression in thyroid normal and tumor tissues
Initially, a set of five normal thyroid tissues, two hyperplastic nodules, and 24 thyroid tumors including nine PCs, five FCs, four FAs, two ACs, two PDCs, and two MCs was used to evaluate the expression of 158 human mature miRNAs. Overall, 148 (94%) of miRNAs were found to be expressed in normal and hyperplastic thyroid tissue. In the majority of thyroid tumors, 47 of 148 miRNAs (32%) were consistently up-regulated when compared with normal tissue, and 57 of 148 (38%) were downregulated with more than a 2-fold change.
When the expression levels of miRNAs in all well-differentiated thyroid carcinomas (PCs, FCs, and MCs) were compared with those in less differentiated carcinomas (PDCs and ACs), 31 miRNAs showed higher expression levels in the well-differentiated carcinomas, whereas 27 miRNAs were expressed at higher levels in less differentiated carcinomas, showing no statistically significant difference between the numbers of up-regulated and down-regulated genes in the two groups (P ϭ 0.69).
Expression of miRNAs in various types of thyroid tumors
To determine whether different histopathological types of thyroid tumors have distinct miRNA profiles, the unsupervised The fold change of miRNA expression was calculated relative to normal thyroid tissue. The bolded miRNAs signify those that were also significantly overexpressed in thyroid tumors as compared with hyperplastic nodules. The fold change of miRNA expression was calculated relative to normal thyroid tissue. The bolded miRNAs signify those that were also significantly overexpressed in thyroid tumors as compared with hyperplastic nodules.
hierarchical clustering analysis of miRNA expression was performed. It revealed four major clusters: oncocytic follicular tumors (adenomas and carcinomas), conventional follicular tumors (adenomas and carcinomas), PCs and MCs (Fig. 1) . The first three clusters were located closer to each other, whereas the MC cluster was at the greatest distance, consistent with their different cell type origins, i.e. thyroid follicular cells and C-cells. The oncocytic tumor cluster was most segregated of the three follicular cell-derived tumor clusters. Less differentiated tumors (PDCs and ACs) did not form distinct clusters and were situated either close or within the papillary or follicular clusters or separately, supporting their origin from the well-differentiated PCs and FCs and their propensity for profound dedifferentiation. Next, we searched for individual miRNAs that had the highest levels of overexpression in specific tumor types. The top 10 up-regulated miRNAs in each type of malignant and benign thyroid tumor are shown in Tables 1 and 2 . There was virtually no overlap in the highly expressed miRNAs between MCs and the rest of the tumors, all of which derive from thyroid follicular cells. Seven miRNAs, miR-187, miR-221, miR-222, miR-181b, miR-146b, miR-155, and miR-224, were most consistently overexpressed in all follicular cell-derived carcinomas, although their expression levels varied significantly between individual tumor types. In ACs, these miRNAs were overexpressed at lower levels, whereas miR302c, miR-205, and miR-137 showed most dramatic up-regulation. Additionally, miRNA-339, miR-183, and miR-197 were highly expressed in oncocytic follicular carcinomas. Among benign adenomas, tumors of conventional type and oncocytic type had quite distinct sets of mostly up-regulated miRNAs, with miR-200a being at the top of the list in conventional follicular adenomas and miR-31 in oncocytic adenomas.
Expression of miRNAs in tumors carrying different oncogenic mutations
To explore whether miRNA expression profiles vary in tumors with different initiating mutations, all PCs and FCs were tested for the presence of BRAF and RAS point mutations and RET/PTC and PAX8/PPAR␥ rearrangements. Among PCs, two tumors were positive for RET/PTC1, one for RET/PTC3, two for BRAF, and two for NRAS, and two were found negative for any of these mutations. Both PCs positive for RAS mutation were the follicular variants. Among FCs, two were positive for PAX8/ PPAR␥ and one for NRAS, and two were negative for these alterations. The unsupervised hierarchical clustering analysis of miRNA expression in the tumors positive for mutations was performed. It demonstrated that BRAF-, RET/PTC-, and PAX8/ PPAR␥-positive tumors formed individual clusters, whereas tumors with RAS mutations did not form a separate cluster and were positioned between other clusters (Fig. 2 ). These pointed toward the possible variation in miRNA signatures depending on the mutational status.
To explore this possibility further, an additional 14 PCs with BRAF, RAS, RET/PTC, or none of these mutations were analyzed for the expression of six miRNAs with the highest overall expression levels in PCs: miR-187, miR-221, miR-222, miR181b, miR-146b, and miR-155 (Fig. 3A) . The one-way ANOVA analysis of all 23 PCs revealed significant differences in the expression levels of five of these miRNAs between the groups (P ϭ 0.09 to P Ͻ 0.0001), whereas the expression of miR-181b was not significantly different (P ϭ 0.95). PCA was used for an unsupervised assessment of the relationship between mutation type and expression levels of the six miRNAs. It revealed a strong relationship between miRNA expression and mutational status (Fig. 3B) . Similar results were obtained using pairwise comparison between the individual groups, which revealed significant differences in the expression profiles between all group pairs (P ϭ 0.003 or lower) except for the RET/PTC and RAS groups (P ϭ 0.46).
Diagnostic utility of miRNA detection in clinical thyroid samples
The major challenge in the preoperative FNA diagnosis of thyroid nodules is to differentiate between the follicularpatterned thyroid cancers and hyperplastic nodules, which are common in the general population (21, 22) . Therefore, a diagnostically valid assay must distinguish thyroid tumors not only from normal thyroid tissue but also from hyperplastic nodules.
To explore the diagnostic utility of miRNA profiling in this setting, we selected a subset of miRNAs based on 1) at least 2-fold overexpression in thyroid cancers compared with hyperplastic nodules (Tables 1 and 2 and miR-197) was selected. Expression levels of these miRNAs were evaluated in surgical samples from additional 14 malignant thyroid tumors (six PCs, four FCs, two ACs, and two PDCs) and three hyperplastic nodules, showing different patterns of expression in all types of thyroid cancers compared with hyperplastic nodules (Fig. 4A ). This set of miRNAs was highly effective in separating thyroid cancer from hyperplastic nodules in all surgical samples studied, because supervised prediction analysis by linear discriminant analysis misdiagnosed only one (2.4%) of 41 malignant tumors and hyperplastic nodules.
Then, the diagnostic accuracy of this panel was validated in 62 consecutive thyroid FNA samples. Thirteen of these patients underwent surgery based on cytological diagnosis (four positive and eight atypical cytology) or clinical suspicion (one case), yielding the diagnosis of malignant tumor in eight cases (seven PCs and one FC of oncocytic type) and hyperplastic nodule in five cases. Expression of miR-187, miR-221, miR-222, miR-146b, miR-155, miR-224, and miR-197 was analyzed in these FNA samples without knowing the surgical pathology diagnosis. All of the eight malignant cases revealed more than 2-fold overexpression of one to six miRNAs tested (Fig. 4B) . Among them, seven PCs showed at least three up-regulated miRNAs, whereas one case of oncocytic FC demonstrated up-regulation of miR-221 only. Among the four hyperplastic nodules that were surgically removed based on atypical cytology, only one case showed more than 2-fold overexpression of one of these miRNAs (miR-197). The other 49 samples from patients that did not undergo surgery revealed no up-regulation of any of these miRNAs in 46 cases, up-regulation of one miRNA in two cases, and strong up-regulation of three miRNAs (miR-221, miR-222, and miR-146b) in one case. The latter case had atypical cytology but no surgery during the follow-up and therefore was removed from further analysis. All other cases had negative cytology and no further evidence of thyroid disease on follow-up and were assumed to be negative for malignancy. Based on these data, the panel of seven miRNAs allowed discrimination between malignant tumors and hyperplastic nodules with high accuracy. Specifically, when at least one miRNA was overexpressed more than 2-fold, the sensitivity of tumor detection was 100%, specificity 94%, and accuracy 95%. When three or more miRNAs were up-regulated, the sensitivity of tumor detection was 88%, specificity 100%, and accuracy 98%.
Discussion
In this study, we demonstrate that various histopathological types of thyroid tumors derived from the same cell have distinct miRNA profiles, which further differ within the same tumor type reflecting specific oncogenic mutations found in these tumors. A limited set of miRNAs can be used diagnostically with high accuracy to detect thyroid cancer in the surgical and preoperative FNA samples.
From the early stages of their discovery, it has been known that many miRNAs are expressed in a tissue-specific manner (1, 2) . Therefore, it was not surprising to find markedly different profiles of miRNA expression between C-cell-derived thyroid MCs and all other thyroid tumors that derives from follicular cells. However, the results of this study show that miRNA profiles have significant variability between different histopathological types of thyroid tumors that originate from the same cell.
The importance of this information for classification of thyroid tumors and refining their scheme of progression is at least 2-fold. First, it supports the independent notion that oncocytic tumors represent a distinct class of thyroid neoplasms, which has been a subject of a longstanding debate in the field. Although the most recent World Health Organization classification of thyroid tumors designates oncocytic thyroid adenomas and carcinomas as a variant of follicular tumors (13) , some histological features and mutational profiles (29) support their independent origin. The results of miRNA analysis provide more evidence to support the latter notion, because it showed that oncocytic tumors had a distinct set of up-regulated miRNA and clustered separately from conventional follicular tumors. Second, the clusters of follicular tumor and oncocytic tumor included both adenomas and carcinomas, supporting the possibility of stepwise progression for each tumor type.
Some reports have suggested that overall, most miRNAs are expressed at lower levels in tumors and tumor-derived cell lines compared with normal tissues and in poorly differentiated tumors compared with their well-differentiated counterparts (11, 30) . Other studies have not confirmed such a tendency (12) . We did not observe this trend in thyroid tumors, where a significant proportion of miRNAs was found to be up-regulated and overexpressed at high levels in tumors compared with normal thyroid tissue. Likewise, we did not observe significant differences in miRNA expression in tumors depending on their differentiation status.
Most interestingly, we observed that miRNA expression profiles had substantial variability within specific tumor types. The first study of miRNA expression in thyroid PCs has reported the overall highest up-regulation of miR-221, miR-222, and miR146b (14) . We confirmed these data but show that these miRNAs are not equally expressed in all tumors of this type and mostly up-regulated in tumors carrying BRAF mutation. Another study has shown significant up-regulation of miR-221, miR-222, and miR-181b in PCs compared with normal thyroid tissue (15) . Our data suggest that of these three markers, miR-181b is overexpressed in virtually all types of follicular cell-derived thyroid tumors and also in thyroid hyperplastic nodules. We also identified several additional miRNAs that are highly up-regulated in PCs. One of them, miR-187, appears to be the most up-regulated miRNA in tumors harboring RET/PTC rearrangement and RAS mutations but is expressed at significantly lower levels in tumors with BRAF mutation. miR-224, in contrast, is a pan-PC marker because it is overexpressed, albeit at lower levels, in all PCs.
Overall, we observed significant correlation between the mutational status of PCs and miRNA expression. The oncogenic mutations in PCs, RET/PTC, BRAF, and RAS are all capable of activation of the MAPK pathway and rarely overlap in the same tumor, suggesting that activation of a single effector of this pathway is sufficient for transformation (31) . However, each of these mutations is associated with distinct coding gene expression profiles, phenotypical characteristics, and biological properties of PCs (19, 32, 33) . Of those, the association between BRAF mutation and tumor recurrence and treatment failure has produced the most substantial effect on clinical management of patients with thyroid cancer (34) . Previous attempts have been made to identify the dysregulated miRNAs in thyroid cell lines carrying mutant BRAF and RET/PTC1 in comparison with the normal thyroid cell line (35, 36) . Herein, we show that miRNA expression profiles of human thyroid tumors carrying BRAF and other mutations are substantially different. Although the nature of the correlation between BRAF mutation and miRNA expression remains unclear, this finding suggests that miRNA profiling may also be potentially used as a prognostic marker for thyroid cancer.
Weber et al. (17) have found significant overexpression of miR-197 and miR-346 in FCs. In our series, up-regulation of miR-197 was predominantly seen in the oncocytic type of FC, whereas miR-346 was not studied. We identified several other miRNAs up-regulated in these tumors, with miR-187 showing the highest levels of overexpression in both conventional and oncocytic FCs.
The results obtained by the analysis of surgically removed tumors allowed us to assemble a small panel of miRNAs for the preoperative diagnosis of thyroid nodules. Using a large series of well-characterized FNA samples, we demonstrated the feasibility of miRNA testing in FNA samples and provided evidence for high diagnostic potential of a limited panel of miRNAs in cancer diagnosis. Despite overall lower levels of miRNA overexpression in the FNA samples compared with surgical material, the panel provided high diagnostic accuracy. Although our findings need to be further confirmed in a larger series of samples, they lay the foundation for the use of miRNA profiling as an effective diagnostic tool for the preoperative assessment of thyroid nodules.
